Abstract. The electrical properties of La, -.Sr,VO, change from those of a semiconductor to those of a metal as x is increased, with a metal-nonmetal transition occurring at x x 0.2. This has been studied using AC and DC conductivity and thermopower measurements over a temperature range from 4 to 400 K. In pure LaVO,, transport occurs via the excitation of holes from acceptor states 0.12 eV above the valence band. In doped material, V4+ states associated with Sr2+ ions constitute a broad band of filled hole traps with the conductivity changing from semiconducting to metallic when the Fermi level attains a mobility edge produced by Anderson localization in the valence band. Evidence for localization is found in AC conductivity and a temperature dependent activation energy at temperatures below 100 K. A temperature dependence U = uo exp ( -B/Tl'"), where n 4, is interpreted in terms of a model in which the Fermi level occurs within a tail of states at the edge of the valence band. No evidence is found for polaron formation, but the frequency dependence of AC conductivity suggests that multiple site hopping, and possible cluster formation is of importance.
Introduction
Lanthanum strontium vanadate La,-xSr,V03 (0 I x < 0.4) is a perovskite whose electrical properties change from those of a semiconductor to a metal as the strontium content is increased, with a metal-nonmetal (MNM) transition at about x ry 0.2 (Dougier and Casalot 1970) . The incorporation of Sr2+ ions in La3+ sites leads to the formation of V4+ ions in place of V3+ and an enhanced hole conduction in the system of vanadium 3d bands. Mott (1972) has suggested that this system is one in which extrinsic conduction occurs for small or zero values of x, but that as x is increased conduction occurs initially by hopping through localized states and then by band conduction in extended states. In the intermediate range of concentrations, disorder arising from the random distribution of Sr2+ and La3+ induces Anderson localization of carriers in the crystal (Anderson 1958) , and the predictions of the Anderson model should apply (Mott and Davis 1971, Mott 1973) . These predictions include an activation energy on the nonmetallic side of the transition which varies as E K (xo -x)l'* where xo is the concentration at the MNM transition (Abram and Edwards 1972) , a temperature dependence of the form In K 1/T* at low temperatures, and an AC conductivity which is frequency dependent in the hopping region.
In this paper we examine the experimental justification for these suggestions regarding the conduction process in LaSrVO,. The results suggest that while Anderson localization is of importance in the MNM transition, some of the properties derive from the form of the density of states function N(E) rather than a straightforward application of the hopping theory proposed by Mott. 
Experimental details

Material preparation
Strontium doped LaVO, was prepared as sintered polycrystalline discs from appropriate mixtures of lanthanum and strontium oxalates and V 2 0 5 . The starting materials were thoroughly mixed and ground for 30 minutes in an agate mortar, and then fired in a platinum crucible for 2 hours at 600°C under a 95 % argon 5 % hydrogen atmosphere. During this state V 2 0 5 was reduced to V203, and water and CO, emanated from the oxalates. The resulting black powder was reground for 30 minutes in the agate mortar and then pressed into discs of 4 inch diameter and -0.075 inch thick under a pressure of 4 ton cm-2. The discs were finally sintered at approximately 2000°C in a molybdenum crucible heated by a high frequency induction furnace. A reducing Ar/H atmosphere was maintained around the crucible at all times. Mechanically strong and electrically reproducible polycrystalline material was obtained if the firing temperature was within 50°C of the nominal melting temperature of about 2050°C. Sintering times were generally of a few minutes duration. Microscopic examination showed that the materials were dense polycrystalline solids with some inter-crystalline voids.
The composition was evaluated using chemical analysis and x-ray fluorescence, the latter technique also revealing the presence of MO from the crucible. MO diffusion into the disc did occur in regions of contact, but this was removed prior to measurements by surface grinding. Powder camera x-ray diffraction studies showed a diffraction pattern characteristic of La,-xSrxVO, (Kestigan et al 1957) , and 51V NMR indicated that a single crystalline phase was present.
Experimental
Samples for electrical measurements were cut into bars or discs and surface ground before use. Two and four terminal measurements were made using conducting silver paint contacts in order to determine the DC conductivity down to helium temperatures. Unguarded three terminal AC measurements showed good agreement with DC data in regions where no frequency dispersion was present, and there was no evidence of strong capacitative effects which would have indicated barriers. The Seebeck coefficient was measured in air by arranging for a temperature gradient to exist across the sample and measuring the resulting thermal EMF with a high impedance voltmeter.
Results
DC conductivity
The logarithm of the DC conductivity plotted as a function of inverse temperature is shown in figure 1 . The results are in substantial agreement which those of Dougier and Casalot (1970) at high temperatures, although in general, for a given composition our conductivities are slightly lower and our activation energies are slightly higher than those quoted in the earlier work, Dougier and Casalot give no experimental details or analyses of their material and the differences may originate in the method of preparation. We have also recognised curvatures in the plots which were discounted in the earlier work. The conductivity shows a clear transition from an activated conductivity with an activation energy of 0.12 eV in undoped LaVO, to metallic characteristics for compositions with x > 0.25. A considerable uncertainty (k 0.05) exists in the value of xo corresponding to the transition. However, figure 2 shows that to this degree of accuracy the variation of the activation energy measured at 300K with composition in the present work and by Dougier and Casalot (1970) can be represented by
where n = 1.8 0.5 and xo = 0.25 for the present data. This variation is consistent with the predictions of the Anderson model for a MNM transition in a hopping conductor (Mott 1972) . However, the uncertainty in the value of n is too large to discount other more general percolation models which lead to a value of n 1.6 (Cohen 1971 . Last and Thouless 1971 , Kirkpatrick 1971 ) and this will be discussed later.
If the conductivity a(T) at higher temperatures is described by an expression of the form (2) a(T) = a(0) exp ( -E/kT) the intercept o (0) on the conductivity axis has approximately the same value for all compositions, and o (0) equals the conductivity of the composition corresponding to the MNM transition. Previous work (Dougier and Casalot 1970) has shown a maximum in conductivity at T > 300K probably due to a decreasing mobility due to thermal scattering. In the temperature range shown in figure 1 near 300K, the extrapolation to 1000/T = 0 leads to an approximate value of (r (0). The absence of a direct dependence of o (0) on the concentration of trapping sites suggests that carriers are excited from localized acceptor levels to a band of states above a mobility edge in the valence band. In such a case, o (0) should be the 'minimum metallic conductivity' defined by Mott (1968 Mott ( , 1973 as
where the factor 0.026 is reduced from its earlier accepted value of 0.05 (Mott and Davis 1971) using a recent more stringent definition of the criterion for Anderson localization (Edwards and Thouless 1972) . The parameter a is a measure of the carrier spacing at the MNM transition, and this may be estimated from the Sr2+ ion spacing for x = 0.25 as -8.4. The conductivity calculated from equation 3 is 80R-'cm-' compared with the experimental value of 100 R-'cm-' .
At low temperatures, the curvature of the plots in figure 1 implies that the activation energy is temperature dependent. Following the suggestion of Mott (1972) , the fit of the data to the expression for variable range hopping (4) is shown in figure 3 . A reasonable fit is obtained for a composition having x = 0.05 at temperatures < 120K. The fit is less appropriate for compositions of higher Sr2+ content, with the temperature range over which the fit is even approximately valid
The metal-insulator transition in La, -xSr,VO, 2063 moving to lower temperatures. Values for the parameters go, B and the approximate onset temperature T*( T*) for linear T -% behaviour for different compositions are given in table 1. The consistency of this functional relationship with other data will be examined later. Table 1 . 
Seebeck coefficient
The sign of the thermopower corresponds to p-type conductivity and decreases with strontium content even before the nominal MNM transition. This is shown in figure 6 . The dependence on temperature also changes as x increases, with pure LaVO, behaving like an extrinsic p-type semiconductor, the heavily doped materials acting as metals, and intermediate compositions having a relatively complex behaviour which is somewhat dependent on sample preparation, but in which the trend from semiconducting to metallic is observed consistently. The semiconductor and metallic types of behaviour are shown in figures 7(a) and (b) respectively. In the case of pure LaVO, ( figure 7(a) ), the results can be interpreted using the expression for extrinsic conduction with an activation energy E (0) of magnitude where A is a constant reflecting the scattering processes. The values obtained from the data of figure 7(a) are E (0) 0.12 eV & 0.005 eV and A = Iv -0.6. The negative value of A can arise in a crystalline system from a combination of scattering effects and an excitation energy which varies with temperature according to
This results in a value of A = r -y / k where r = 1 for amorphous systems (Mott and Davis p 89), but r % 2-4 for crystalline systems. If LaSrVO, is taken to be a heavily doped impurity semiconductor for which r = 4 (Tauc 1962), this results in a value of y = 5 x eVK-'. This is small with respect to that calculated for amorphous semiconductors (Adler 1971 ) but is of the order of the value observed in systems such as InSb or Ge. At low temperatures in LaVO,, the thermopower becomes less dependent on temperature. This change occurs in a temperature range where AC conductivity appears and it may be further evidence of carrier localization at these temperatures.
Discussion
Conduction mechanisms
Two models of the Anderson type could be used to interpret the MNM transition in LaSrVO,. In one case, similar to doped Si or Ge, hopping occurs in a band of impurity states near the Fermi level and the MNM transition occurs when the Anderson criterion is satisfied. In the other case, if the Fermi level shifts from localized to extended states through a change in the uncompensated acceptor concentration, a MNM transition will occur when the Fermi level attains E,, the energy corresponding to the mobility edge in the valence band. In general, the overall properties of LaSrVO, are more consistent with the second alternative. If conduction occurs entirely within an impurity band, has shown that a MNM transition should occur at an impurity concentration given by M Sayer, R Cken, R Fletcher and A Mansingh where aH is the hydrogenic radius of the impurity state
In LaSrVO, the MNM transition occurs when n 2 x loz1 resulting in a value of aH calculated from equation (7) of 2.2 A. This value is less than an average ion spacing in the lattice and the situation is~not that for which equation (7) was derived. In fact a wavefunction of this radius would imply strong polaron effects. An estimate of polaron hopping energies may 5e made by comparing the activation energies for high temperature conductivity and thermopower (Mott and Davis 1971 p118) . For LaVO,, both energies are 0.12 eV which implies that polaron effects are small and that the system behaves essentially as an extrinsic semiconductor. Other difficulties with an impurity band model for doped material include the large temperature dependence of AC conductivity and the relative insensitivity of the high temperature extrapolated conductivity G (0) to the impurity concentration. We therefore examine the second alternative of a shift in the Fermi level towards the valence band. In order to interpret the temperature and frequency dependence, figure 8 illustrates various forms of the density of states N(E) which are physically realistic for p-type conduction. In a conventional extrinsic semiconductor ( figure 8(a) ) conductivity G~ is independent of frequency and depends on temperature through the change in the number of carriers in the valence band nv = N , exp (El/kT). o3 corresponds to hopping conduction in a partly compensated impurity band (Pollak and Geballe 1961) , which is weakly dependent on temperature (a -T ) and has a frequency dependence a(o) d. where 0.7 < s < 1.0. At low temperatures, variable range hopping should occur with a temperature dependence given by equation 4 . In a disordered crystalline system, a tail of localized states is included extending from the valence band into the band gap ( figure 8(b) ). DC conductivity arises when carriers are excited into the band of states at the mobility edge, and the conductivity varies as a ( T ) = a (0) exp ( -c l / k T ) where a (0) is the minimum metallic conductivity calculated using the Anderson criterion (Mott and Davis 1971 p200). Contributions to AC hopping arise from a3 as discussed previously and from n2 due to hopping in the tail of localized states in the valence band. a2 has a frequency dependence similar to that of a3, but a temperature dependence which is primarily due to the change in carrier concentration at the valence band edge. This occurs by excitation from lower impurity states and because of the energy distribution of initial and final states will lead to a temperature dependent activation energy with a mean value less than c1. Finally, in the case of heavy doping and large disorder energies ( figure 8(c) ), a broad band of fully compensated impurity states may overlap the tail of localized states in the valence band. leading to DC conductivity o1 at the mobility edge and hopping conduction a2 in the localized states between E, and E,. The form of the total density of states is shown as the dotted curve in figure 8(c). Since mixed conduction occurs, the variation of activation energy with composition will be complex and it will be difficult to distinguish between the behaviour expected for a simple Anderson model and that arising from general percolation effects. The observation of a relatively well defined a (0) and the trend in the transport properties through the MNM transition for LaSrVO, suggests that the model described by figure 8(c) is most appropriate. In this case, the variation of activation energy with composition arises more from percolation effects than from the Anderson theory.
The hopping rkgime
A major assumption in the preceding argument is that we are concerned with transport between pairs of sites associated with Sr2+ and separated by distance a. On this basis, Mott and Davis (1971 p42) show that for weak localization (carrier wavefunction radius l/a > a), variable range hopping takes place and the constant B in equation 4 is given by
where N ( E ) is the density of states at the Fermi level. Mott (1972) has discussed the temperature range below which localization should occur and the criteria developed can be used to obtain a value for a. For weak localization aa < 1
where c3 is the disorder energy influencing the hopping process, and the highest T* occurs when aa = 1. c3 may be estimated from the temperature dependence of the AC conductivity at the lowest temperatures. The values obtained from table 1 and figure 4 for x = 0.05 are c3 = 0.02 eV, T* x 100 K, leading to a value of (aa) x 0.7. If a is taken as approximately equal to the Sr2+ spacing of l o & l/cr = 14A. Substituting this value in equation (9) with B = 108 K-* gives a value of N ( E ) x 6 x l O "~m -~ eV-', while at higher SrZ+ concentrations, N ( E ) increases by an order of magnitude. This value is small when compared to the Sr2+ concentration of 1020cm-3 and implies either that the interpretation in terms of pair hopping is suspect, or that the states are spread over a wide energy range with N(E)kT< N,. An estimate of N(E) by a different method is therefore desirable.
AC conductivity
The frequency dependence of AC conductivity in a hopping system has been examined by Pollak and Geballe (1961) , Austin and Mott (1969) and Pike (1972) , and a method of obtaining N ( E ) from combined T-* plots and ~( o ) has been described by Haemers et a1 (1973) . A similar procedure could be applied in the present work, but a limitation is found in the dependence on frequency. For example, the expression derived by Austin and Mott (1969) 
has a frequency dependence of the form o(o) -us, where 0.7 < s < 1.0. Smaller values of s ( 2 0.5) can be extracted by making unphysical assumptions in equation (11) by assuming that the phonon frequency v is very small ( < lo8 Hz), but it is not possible to account for a constant value of s over 3-5 decades in frequency by this means. Values of s < 0.5 are generally specifically excluded by the assumptions and approximations on which the models are based.
For lightly doped Lal-xSrxVO,, the frequency dependence cr -os has a value of s < 0.5 and a pronounced temperature dependence and it is therefore difficult to interpret the behaviour in terms of single site hopping models. A value of s < 0.5 has been observed in a few other systems, for example in VOz (Kabashima et a1 1972 , Sayer et a1 1974 and has been predicted for AC conductivity involving multiple hops (Pollak 1965) . In this case, paths containing different numbers of single site distances contribute to the AC conductivity. and the frequency dependence is weakened and the temperature variation is enhanced. Although quantitative estimates are difficult, the AC conductik ity in LaSrVO, appears to be of this form with the AC properties determined by locally ordered chains of sites and the DC behaviour set by the uncorrelated regions surrounding such chains. These ordered regions cannot be of macroscopic dimensions since a frequency dependence of the Maxwell-Wagner-Sillars inhomogeneous loss form cr(w) -l/o would then arise. Cluster formation which may lead to the proposed behaviour has been discussed in general terms by Cohen and Jorntner (1974) , while Mott (1974) has examined the effects of long range fluctuations just below the percolation threshold. Mott suggests that a(o) -fo/4m where f is the volume of the sample in which the correlated behaviour occurs. Since f is a function of both o and ?: at any temperature, the correlated volume f will decrease with increasing frequency, thereby weakening the overall frequency dependence as observed in LaSrVO,.
N ( E ) and thermopower S( T )
The data shown in figure 4 have been plotted as af(T-*) in order to facilitate comparison with Mott's theory of variable range hopping. However, a more general relation lncr DT-'1" applies in other circumstances. Croitoru et a1 (1971) and Reyes (1975) have shown that a power law applies when the Fermi level lies within an extensive band tail of localized states, where the mobility is only weakly dependent on temperature, but
N(E)p(E) increases rapidly with (EF -E).
Adler et a1 (1973) and Pollak (1972) Pollak (1972) gives
and the proposed density of states for LaSrVO, shown in figure 8(c) is consistent with a T-'In dependence arising from such a source. The thermopower provides further justification for such a model. Cutler and Mott (1969) have interpreted the thermopower in a hopping semiconductor using the expression Cutler and Mott (1969) find values 013-1.6 for Ce,Se, in which hopping transport is better defined. This does suggest that the hopping mobility Wis not a strongf(E) in LaSrVO,, particularly as the Fermi level approaches the mobility edge. From the slope dSd?: d/dE (In (yN) 4 eV-') over most of the range at higher temperatures. This is the value obtained only for the highest conductivities by Cutler and Mott (1969) and again is consistent with a small variation of (yN) with E. Further measurements at lower temperatures would be of interest but, in general, the thermopower is consistent with that expected for transport in a band of states above a mobility edge. One difficulty is that at higher temperatures in lightly doped material (say x 0.05) the thermopower should change from metallic to semiconducting as the proportion of carriers excited to the mobility edge increases. However if N(EF) is large and energy dependent, S(T) may be dominated by structure in the density of states near the Fermi level. The relatively large effect of preparation conditions at intermediate compositions would support this view.
Finally, Dougier and Casalot (1970) have measured the magnetic susceptibility as a function of composition and have shown that the susceptibility decreases with increasing Sr2+ content. Since the total susceptibility will be the sum of contributions from localized states and carriers in extended states, on the present model, the susceptibility will be expected to decrease as the Fermi level rises through the tail of locali7cd states and the small Pauli susceptibility of extended state carriers in the valence band becomes dominant. However, the magnetic properties require further work. S L Segel(l974, private communication) has shown that the linewidth of the ' V NMR resonance line is very broad ( z 100 G), but tends to become narrower as x increases. This is the behaviour expected as carriers change from strongly localized to valence band states. with the original linewidth being due to interaction with strongly localized moments. Further work on this aspect of LaSrVO, is proceeding.
Conclusion
The transport properties of La, -.SrxVO, show little evidence of polaron localization and bear a strong resemblance to those of a highly degenerate semiconductor. The MNM transition is associated with the movement of the Fermi level through a tail of localized states in the valence band until it attains the energy associated with a mobility edge. The latter appears to arise from localization of the Anderson type, and the magnitude of the conductivity at the transition is compatible with an Anderson model. The effects of localization are observed in AC conductivity and a temperature dependent activation energy at temperatures < 100 K. However, the simple models of variable range hopping often associated with a conductivity which varies as In 0 -BIT* may not be applicable to highly conducting systems such as lanthanum strontium vanadate. The temperature dependence of the activation energy arises from carrier excitation from the Fermi energy into a tail of states at the edge of the valence band.
